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Abstract 
Polymer injection to increase oil recovery from medium viscous or heavy oils has been successful and is currently attracting a 
lot of attention.  
 
One of the key design parameters for such projects is the in-situ viscosity of polymer solutions to optimize the displacement 
efficiency while minimizing costs for the polymers. The viscosity of polymer solutions for different polymer concentrations 
can be measured at the surface; however, the viscosity of such solutions in the reservoir is difficult to estimate. The reason is 
that the viscosity in the reservoir depends on the degradation of the polymers during the injection process and the shear rate in 
the reservoir.  
 
In this study, the in-situ polymer properties are investigated based on a water injection fall-off test performed in an Austrian 
reservoir. The fall-off test was analyzed and the determined reservoir parameters used for subsequent polymer injection 
simulations. The results of the simulations show that pressure transient analysis of a series of fall-off tests gives useful 
information concerning polymer augmented waterfloods such as the in-situ viscosity and the location of the polymer front. 
Even for Non-Newtonian fluid behavior – as observed for polymer solutions – an average viscosity and location of the front 
can be inferred from pressure transient analysis.  
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Abstract 
 
Polymer injection to increase oil recovery from medium viscous or heavy oils has been successful and is currently attracting 
much of attention.  
 
One of the key design parameters for such projects is the in-situ viscosity of polymer solutions to optimize the displacement 
efficiency while minimizing costs for the polymers. The viscosity of polymer solutions for different polymer concentrations 
can be measured at the surface; however, the viscosity of such solutions in the reservoir is difficult to estimate. The reason is 
that the viscosity in the reservoir depends on the degradation of the polymers during the injection process and the shear rate in 
the reservoir.  
 
In this study, the in-situ polymer properties are investigated based on a water injection fall-off test performed in an Austrian 
reservoir. The fall-off test was analyzed and the determined reservoir parameters used for subsequent polymer injection 
simulations. The results of the simulations show that pressure transient analysis of a series of fall-off tests gives useful 
information concerning polymer augmented waterfloods such as the in-situ viscosity and the location of the polymer front. 
Even for Non-Newtonian fluid behavior – as observed for polymer solutions – an average viscosity and location of the front 
can be inferred from pressure transient analysis.  
 
Introduction 
 
Recently, non-Newtonian fluids, such as polymer solutions, have been used for enhanced oil recovery. In general, these 
polymer solutions are injected into reservoirs to reduce the mobility of aqueous phase and increase oil sweep efficiency by two 
mechanisms – their high viscosity characteristic and the reduction of the aqueous phase permeability.  
 
Some enhanced oil recovery projects by injection of polymers are successful; others underperformed or fail (Clark 1993, Han 
2006, Chang et al. 2006, Du 2004). Therefore, it is crucial to study the flow of polymer solutions in porous media. 
   
The concept of mobility ratio was first introduced by Muskat (1937). Its definition is the mobility of the displacing fluid 
divided by the mobility of the displaced phase ahead of the front. The mobility ratio is one of the important factors 
determining the efficiency of the water flooding and polymer augmented water flooding projects. The displacement efficiency 
of water flooding viscous oils is improved by increasing the displacing fluid viscosity. The lower the mobility ratio, the more 
efficient the displacement. In addition, some researchers reported that the apparent polymer viscosity is related to the 
permeability because of high polymer retention in low permeability reservoirs. (W. B. Gogarty 1967, Szabo 1975). 
 
Several studies of a non-Newtonian rheology in porous media have been presented since 1950. The rheological behavior of the 
polymer viscosity is expressed as the apparent viscosity. At low shear rate, the apparent viscosity is limited by the maximum 
value (McKinley 1966, W. Gogarty 1967, Sadowski 1965). For a range of shear rate, the apparent viscosity is decreasing with 
increasing shear rate called pseudoplastic or shear-thinning behavior (Christopher 1965, W. B. Gogarty 1967, Smith 1970). At 
high shear rate, the apparent viscosity approaches the minimum value (Pye 1964, Dauben 1967, Marshall 1967). 
 
The polymer viscosity can be measured at the surface, but the apparent viscosity of polymer solution at reservoir condition is 
unknown due to shear-thinning characteristic by high shear rate near wellbore and degradation of the polymers during the 
injection process. The correct apparent viscosity is needed to design a stable polymer injection by adjusting polymer 
concentration. 
 
With the characteristic of the mobility contrast (k/μ) between inner and outer zone, transient pressure analysis can be applied 
to estimate both the apparent viscosity and the location of the polymer front in the reservoir.  
Imperial College 
London 
 
2  Interpretation of polymer solution injection fall-off tests 
 
In this study the flow of a Newtonian fluid - for which the apparent viscosity is constant with shear rate - and the flow of Non-
Newtonian fluid - for which the viscosity varies with shear rate – is considered. 
 
In most reservoirs water injection is initiated in the early stage of field development. An injectivity test can give information 
about reservoir properties such as permeability and near well-bore damage. If properly analyzed, the provided information can 
give an insight for the design of polymer flooding to enhance oil recovery. In the particular reservoir investigated here, the 
permeability and skin parameters are determined based on a water injection fall-off test. By knowing the reservoir properties 
and performing polymer injection fall-off tests, the polymer front and apparent viscosity can be estimated using subsequent 
fall-off tests during polymer flooding. A composite reservoir model is used to analyze well-tests for two or more region 
reservoirs which have their own rock and fluid properties.  
 
The paper is organized as follows: in the following paragraph, the rheology of polymer solutions is described. Then, radial 
composite models for pressure transient analysis are covered. These models were used to investigate the in-situ polymer 
viscosity and position of the polymer front. Afterwards, the oil field in which polymer flooding is planned is introduced and a 
water injection fall-off test is analyzed. Then, the derived reservoir parameters were used to construct a radial finite difference 
model. This model was used to simulate the planned polymer injection and fall-off tests. The fall-off tests with the simulated 
polymer injection were then analyzed using pressure transient analysis. The results from the pressure transient analysis were 
then compared with the simulation model for injection of polymer solutions for which Newtonian and Non-Newtonian 
behavior was assumed. 
 
Rheology of Polymer Solutions  
 
Polymer rheology has been investigated to describe the flow behavior in porous media (Marshall 1967, and McKinley 1966). 
A flow equation is taking into account the effect of tortuosity on shear rate and shear stress. This behavior is determined by a 
core flow experiment for which the pressure drop as a function of flow rate and the viscosity of the fluid is recorded 
(Christopher 1965). 
  
While Newtonian fluids such as brine exhibit a linear relationship between the shear stress, and the shear rate, aqueous 
polymer solutions do not show such linear relationship. The viscosity of such solutions decreases at increasing shear and flow 
rate, the so-called shear-thinning effect. This effect disappears at lower shear rates and then the polymer solution behaves 
Newtonian flow in porous media(Wang 1979). 
 
The flow behavior of polymer solution has to take account of non-Newtonian fluids. Many non-Newtonian fluids follow the 
power-law models (Teeuw 1980). This describes the behavior of shear-thinning and shear-thickening polymer solutions.  
 
𝜇𝑎𝑝𝑝 = 𝐾γ
n−1 ( 1 ) 
Where  µapp = apparent viscosity, cP  
K = consistency index, cP.s
n-1
 
 n = power law exponent  
 γ = Shear rate, s-1 
 
For a Newtonian fluid, n is equal to 1 and the viscosity is constant to K. For psuedoplastic fluids, n is between zero and one 
and negative slope is indicated from a graph of log𝜇𝑎𝑝𝑝and log γ. If n is more than one, the fluid is dilatants or shear 
thickening fluids which the apparent viscosity increases with the shear rate.  
 
To allow for the shear-thinning characteristics Darcy’s equation must be adapted. The shear rate is converted into a superficial 
flow rate (Darcy velocity) in the porous media. The derivation of this equation is based on the flow in a cylindrical tube or 
capillary. The flow of non-Newtonian fluids through capillary tube is proposed by Teeuw 1980. 
 
𝛾 = (
3𝑛+1
𝑛
)
𝑢
√8𝑘𝜙
 ( 2 ) 
Where u = superficial flow rate, m/s 
k = permeability, m
2
 
 = porosity, fraction 
 
Polymer options in reservoir simulation demand power –law parameters as input for the calculation of injection pressures. The 
model targets the shear thinning of polymer that the polymer viscosity reduces at higher flow rates. It assumes that shear rate is 
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proportional to the flow viscosity and the apparent viscosity is a function of Darcy velocity.  
 
Radial-composite flow model  
 
Polymer injection into a reservoir results in a mobility discontinuity in a near wellbore region due to the different reservoir 
properties between an inner and an outer region (Bixel 1967). Consequently, radial composite model is used to analysis the 
two-region reservoir. The model consists of an inner cylindrical region surrounded by an outer different property region as 
shown in Figure 1. The distance R is the front or discontinuity radius, an important parameter inferred by well tests in 
composite reservoirs.  
 
 
Figure 1: Two-region, radial composite reservoir 
 
Van Poollen (1964) used the concept of drainage radius, and related it to a deviation time from the semi-log straight line 
corresponding to the two-phase inner region mobility. Later, van Poollen (1965) located the burning front radius in an in-situ 
combustion project using the deviation time method for pressure fall-off data from in-situ combustion projects.  
𝑅 =  √
0.25𝑘𝑖
(𝜙𝑐𝑡𝜇)𝑖
𝑡𝑒
𝑡𝐷𝑒
  ( 3 ) 
where (𝑘, 𝜙, 𝑐𝑡,𝜇)𝑖 are the permeability, porosity, total compressibility and viscosity in inner region. te and tDe are the deviation 
time and dimensionless deviation time based on the front radius. And R is the radius of the discontinuity. However, it is quite 
difficult to obtain an accurate deviation if there is a small mobility contrast.   
 
Wattenbarger and Ramey (1970) modeled a skin region as the two-region composite reservoir using finite-difference 
techniques. The mobility ratio, M, is governed as follows. 
𝑀 =
(
𝑘
𝜇
)
𝑖 
(
𝑘
𝜇
)
𝑜
 
 ( 4 ) 
Odeh (1969) observed that pressure data measured at a shut-in well in a composite reservoir show a semi-log straight line, a 
transition, and followed by a second semi-log straight line corresponding to the inner region mobility, transition and the outer 
region mobility respectively. He proposed a correlation between the dimensionless discontinuity radius, RD, and the 
dimensionless intersection time, tDX, for equal storativity in both regions as: 
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𝑅𝐷
2 =
2.25𝑡𝐷𝑋
𝑀
𝑀
(𝑀−1)
 ( 5 ) 
𝑅𝐷 =
𝑅
𝑟𝑤
 ( 6 ) 
𝑡𝐷𝑋 =
0.00264𝑘𝑖𝑡𝑥
(𝜙𝜇𝑐𝑡)𝑖𝑟𝑤
2  ( 7 ) 
where the storativity ratio, S, is governed by equation as: 
𝑆 =
(𝜙𝑐𝑡𝜇)𝑖
(𝜙𝑐𝑡𝜇)𝑜
 ( 8 ) 
Ramey (1970) presented a more general equation relating RD and tDX as:  
 
𝑅𝐷
2 =
2.2458𝑡𝐷𝑋
𝐷
𝑀
(𝑀−1)
 ( 9 ) 
where the diffusivity ratio, D, is governed by equation as: 
𝐷 =
(
𝑘
𝜙𝑐𝑡𝜇
)
𝑖
(
𝑘
𝜙𝑐𝑡𝜇
)
𝑜
 ( 10 ) 
The intersection time method relies on the two semi-log straight lines. The first semi-log straight line will be obscured by 
wellbore storage, while the second semi-log straight line has a dominant boundary effect. Hence, the intersection method 
sometimes is inapplicable.     
 
Eggemchwiler et al. (1979) observed the mobility and storativity contrast between two regions and developed a pseudosteady 
state method to calculate inner swept volume for composite reservoirs. After the first semi-log straight line, a pseudosteady 
Cartesian is developed and the inner swept volume, Vs, is calculated by the slope, mc, of the Cartesian line expressed in field 
units as:  
𝑚𝑐 =
5.615𝑞𝐵
𝑉𝑠𝐶𝑡
 ( 11 ) 
Where q is the flow rate, B is the formation volume factor. 
And the volume of inner zone is given by: 
𝑉𝑠 = 𝜋𝑅
2ℎ𝜙𝑖 ( 12 ) 
𝑅 = √
𝑉𝑠
𝜋ℎ𝜙𝑖
  ( 13 ) 
Type-curve matching is another method for calculating the inner region mobility (Brown 1985, Olarewaju 1987).  
 
𝑘
𝜇1
=
𝑞𝐵
ℎ
(
𝑑𝑝𝑤𝐷
𝑑𝑙𝑜𝑔𝑡𝐷
𝑑Δ𝑝𝑤𝐷
𝑑𝑙𝑜𝑔Δ𝑡𝐷
)
𝑀𝑎𝑡𝑐ℎ
 ( 14 ) 
where 𝑝𝑤𝐷 and Δ𝑝𝑤𝐷  are dimensionless wellbore pressure drop and wellbore pressure drop. h is the formation thickness. The 
front radius is estimated by the time match if the inner region properties are known. 
 
𝑅 = √
0.25𝑘𝑖
(𝜙𝑐𝑡𝜇)𝑖
(
𝛥𝑡
𝑡𝐷𝑒
)
𝑀𝑎𝑡𝑐ℎ
  ( 15 ) 
where tDe is dimensionless time corresponding to the front radius R. 
 
Composite reservoir models have extensively applied to enhanced recovery process. Van pollen (1964) used a deviation time 
method to find the inner region mobility for an in-situ combustion project. Walsh et at. (1981), Messner and Williams (1982a 
and b) Onyekonwu et al. (1984 and 1986), and Da Prat et at. (1985) applied the pseudosteady state method to well tests for in-
situ combustion and steam injection projects. Also, Horne et al. (1980) analyzed geothermal well test data using the 
pseudosteady state method. MacAllister (1987) used the pseudosteady state method to analyze well tests in CO2 flooding 
projects. 
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Transient pressure behavior of composite reservoirs for in-situ combustion, stream injection and CO2 flooding has been 
discussed; however, transient pressure behavior of composite reservoir for polymer flooding has attracted little attraction. 
Therefore, this study investigates polymer solution injection fall-off tests by using two-region radial composite reservoir. The 
objectives of this study are to interpret the pressure behavior for well tests in both homogeneous and heterogeneous composite 
reservoirs and to analyze well test reports using composite reservoir model to estimate a front radius of swept volume and 
apparent viscosity.  The injected polymer solution behaves as a Newtonian and pseudoplastic Non-Newtonian fluid. 
   
Field Introduction 8 TH Horizon, Matzen Field, Austria 
 
The 8 TH horizon of the Matzen Field is located about 20 km northeast of Vienna in the Vienna Basin. Its first oil was 
produced in 1951. This field has performed water flooding since 1960. Recently, this field has been considered for polymer 
flooding due to its high permeability, medium viscosity of oil (20 cP), low reservoir temperature (30 °C) and injection of low 
salinity water resulting in low polymer concentration requirements. In 2009, an integrated study concluded that polymer 
injection is the most promising recovery method after water flooding at reasonably cost.  
 
Also, high efficiency of polymers in increasing water viscosity for the 8 TH reservoir conditions was confirmed by laboratory 
experiments. A core flood experiment showed the displacement with polymer injection would lead to an incremental recovery 
of more than 20% of oil in place after water flooding. 
 
Water Injection Fall-Off Test Interpretation 
 
This well was drilled in March 1980 and located in a lower horizon of the Matzen field. In preparation for the polymer 
injection, water injection was performed in well Schönkirchen C 1 and fall-off tests were performed. The well was re-
completed and an injection test was performed to investigate the reservoir properties: - permeability and skin and also to 
determine whether water injection occurred under fracturing conditions. 
 
Based on the rate and pressure data from the injection test of the well Schönkirchen C 1 pressure transient analysis is 
performed. General well and reservoir property data are listed in Table 1. 
 
Table 1: Well and reservoir parameters of Schönkirchen C 1 
Parameter Value 
Well type Vertical 
Type of test Fall-off tests 
Well radius, rw (m.) 0.108 m. (8 1/2” bit size) 
Perforated interval (m.) 1,250 – 1,255  
Water salinity (ppm) 11,000  
Layer Temperature (˚C) 30 
Formation volume factor 1.008 (from correlation) 
Water viscosity,μw (cP) 0.803 (from correlation) 
Total compressibility, ct (psi
-1
) 6.11x10
-6
 (from correlation) 
 
Figure 2 shows the log-log plot of the two fall-off period. The same stabilization of the two tests confirms the calculated 
reservoir parameters. Figure 3 and Figure 4 show the matching results of the first and second fall-off test periods. These two 
tests suggest negative skin as a results of well acidizing and permeability of 550 md.  
 
Table 2 summarizes the matching parameters of the two fall-off tests. An upward trend seen in the 2
nd
 fall-off log-log plot may 
indicate a reservoir boundary, decreasing in mobility (k/μ) or, an interference of the other producers. The possibility of seeing 
a drainage area of the other producers is more likely. Therefore, reservoir model is designed for infinite large systems. These 
matching parameters are then used in reservoir simulation. 
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Figure 2: Log-log plot of the two water injection fall-off test of the well Schönkirchen C 1 
 
 
Figure 3 Log-log plot, semi-log plot and history plot of the 1
st 
fall-off test 
 
Figure 4: Log-log plot, semi-log plot and history plot of the 2
nd
 
fall-off test 
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Table 2: Matching parameters of the two water injection fall-off tests of the well Schönkirchen C 1 
Parameter Fall-off#1 Fall-off#2 
Reservoir Homogeneous Homogenous 
Boundary Infinite Rectangle 
Initial pressure, pi (psia) 1568 1557 
Permeability, k (md) 550 550 
Skin, S -1.06 -1.27 
Wellbore storage, C (bbl/psi
-1
) 0.03 8.69x10
-6
 
 
Radial Simulation Model Description 
 
The reservoir data derived from the pressure transient analysis were used to construct a radial finite difference model. In this 
model, it is assumed that close to the injector, negligible amount of oil is present. Hence, the model was initialized as water 
filled.  
 
The water and the injected non-Newtonian fluid are assumed to form a homogeneous mixture; therefore, single phase exists in 
the inner zone. Gravity and capillary effects are negligible.  
 
By inferring the reservoir properties from the two water injection fall-off tests, radial grid reservoir models are generated. One-
layer systems are used for homogeneous case and five-layer systems are used for heterogeneous case.  
 
The radial grid cell size of 0.1 meter is modeled to locate the exact polymer front position and to reduce numerical dispersion.  
 
First, the reservoir simulations of the history water injection fall-off tests are performed to check the validity of the reservoir 
parameters obtained from pressure transient analysis.  
 
The simulated pressure gives a good match with the pressure and rate history of the water injection fall-off tests. During 
history matching, the well and reservoir parameters such as well radius, porosity, thickness, water viscosity, effective 
permeability and total compressibility are kept constant, except from initial pressure adjusted to 1550 psia  to achieve a good 
history match of the water fall-off test. 
 
Figure 5 shows the history matching of the two fall-off tests with homogeneous and heterogeneous reservoirs. The first water 
injection fall-off test does not match well because of changing skin between these two tests. However, this gives a confidence 
to apply the reservoir model with non-Newtonian fluid. The reservoir and fluid properties in reservoir simulation are listed in 
Table 3 and the apparent polymer viscosity is a function of polymer concentration is provided in Table 4.  
 
 
Figure 5: History matching of the water injection fall-off tests for homogeneous and heterogeneous reservoirs 
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Table 3: Reservoir and fluid properties in reservoir simulation 
Parameters Value 
Effective permeability, keff (md) 550 
Initial water saturation, Swi 1.0 
Initial pressure, pi (psia) 1550 
Pressure at external radius, pe (psia) 1550 
Well radius, rw (m) 0.108 
Thickness, h (m) 5 
Porosity, Φ 0.27 
System Compressibility, ct (psi
-1
) 6.18x10
-6
 
Water viscosity, µw (cP) 0.8 
External boundary, re (m) 1000 
 
Table 4: Polymer Solution Viscosity at Different Polymer Concentration 
Polymer concentration, C(kg/m
3
) Polymer viscosity, µapp(cP) 
0.0 1 
0.5 11 
1.0 31 
1.5 44 
 
Interpretation of polymer solution injection fall-off tests without shear-thinning effect 
 
After validating the radial model with the historical data from the water injection fall-off tests, the model was used to 
investigate the effect of polymer injection and to determine whether pressure transient analysis could be used to determine in-
situ polymer solution viscosity and location of the front. In this paragraph, polymer solutions were injected in the simulation 
without including Non-Newtonian behavior. 
 
Analysis of Fall-Off Tests after Different Injecting Periods 
 
Figure 6 shows the effect of polymer injection time when the reservoir is filled with water. Water is injected into the one-layer 
reservoir at a stable rate of 300 m
3
/d for 1, 6, 23, 51, 90 and 141 days which are equal to the polymer front distance from the 
well of 10, 20, 40, 60, 80 and 100 m. The external boundary is 1000 m. 
 
The log-log plot of the different injecting time is shown in Figure 7. In some cases, a first straight line cannot be observed, 
though the simulated data assume no wellbore storage. Also, a second straight line does not develop owing to the dominant 
boundary effect during the fall-off tests. Therefore, it is practical to do multiple fall-off tests to find the two stabilizations 
periods. Smooth data and straight lines are a result of computer generated values without including noise. 
 
The log-log pressure plots demonstrate the response for polymer solution system to the outer boundary of water zone. This 
indicates the scheme to detect the location of the polymer front. Front radius of simulated pressure can be calculated by 
pressure transient analysis proposed by Bixel 1967, Brown 1985 and Olarewaju 1987. The apparent viscosity can be estimated 
by using the mobility ratio by assuming water viscosity in the outer zone is known. Table 5 lists all data used for polymer front 
radius and apparent polymer viscosity calculation. It shows that the calculated polymer front radius coincides with the radius 
applied volumetric balance equation in the reservoir simulation. Also, the mobility ratio gives a good estimate in apparent 
polymer viscosity.  
 
Four parameters obtained from the pressure transient analysis are time match, mobility, diffusivity and storativity. They affect 
the front radius calculation. For example, the determination of front radius is a proportional to square root of time match; 
hence, if the time match is underestimated by a factor of two, then the front radius is underestimated by the square root of the 
same factor. Also, it implied that errors are greater because of an error in mobility and diffusivity.    
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Figure 6: Pressure response as a function of injection period 
    
Figure 7: Log-log bottom-hole pressure as a function of injection time 
Table 5: Injection time effect of composite system for simulated fall-off tests 
Injection time, tinj (days) 1 6 23 51 90 141 
Cumulative injection (m
3
) 300 1800 6900 15300 27000 42300 
Volumetric Metric, R (m) 10 20 40 60 80 100 
Initial pressure, pi (psia) * 1556 1542 1533 1541 ** 
k (md) * 550 550 550 550 ** 
M * 0.048 0.048 0.048 0.047 ** 
D * 0.047 0.047 0.049 0.050 ** 
S * 1.021 1.021 0.980 0.940 ** 
μapp (cP)   * 16.7 16.7 16.7 17.09 ** 
μapp error (%)  * -1.8% -1.8% -1.8% 0.5% ** 
R (m) * 22.2 40.8 60.6 81.4 ** 
R error (%) * 11.0% 2.0% 1.0% 1.8% ** 
re (m) * 980.6 982.2 980.9 970.2 ** 
* Not enough data point to match the first stabilization. 
** Not enough data point to match the second stabilization. 
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Effect of Heterogeneity 
 
To study the effect of heterogeneity, a layer-system reservoir was modeled. For simplicity, one-layer reservoir is divided to 
five-layer reservoir which has the same total permeability thickness was introduced. It is assumed that each layer is isolated by 
the others or zero vertical permeability. 
 
This study investigates four cases. The first reservoir model is one-layer reservoir with 550 md permeability and 5 m constant 
thickness used as a baseline for studying the effect of 5-layer reservoir models. The second model is five-layer system with 
constant 550 md permeability with 1 m thickness each. The third model is 1 m thickness each and 330, 440, 550, 660, and 770 
md permeability top-down reservoirs. The forth model looks the same as the third model except that the permeability is 
changed to 100, 440, 550, 660, 1000 md. All the models, polymer solutions are injected at constant rate of 300 m
3
/d 
corresponding to 40 m volumetric front radius from the well. The external boundary is 1000 m. 
 
It can be seen on pressure transient analysis shown in Figure 8 that the heterogeneity indicate external boundary earlier than 
homogenous system. In other words, pressure transient in the highest permeability sand sends the fastest response to the 
external boundary though the total kh in a comingled layer are the same. As a result, the forth model, the highest permeability 
of 1000 md sees the boundary effect earlier than the other models. Though its prediction of polymer viscosity and polymer 
front is reasonable, the external radius has an almost 30% error. Furthermore, the number of reservoir layer has less effect on 
pressure transient analysis if the permeability is the same. It can be seen that the constant five layer of 550 md shows the same 
response as one layer reservoir model. Table 6 shows the analyzed data.  
 
 
Figure 8: Log-log bottom-hole pressure for one-layer and five-
layer reservoirs 
 
 
 
 
Table 6: Heterogeneity effect of composite system for 
simulated fall-off tests 
Model  1 2 3 4 
k-Layer 1 (md) - 550 330 100 
k-Layer 2 (md) - 550 440 440 
k-Layer 3(md) - 550 550 550 
k-Layer 4 (md) - 550 660 660 
k-Layer 5 (md) - 550 770 1000 
keff (md) 550 550 550 550 
tinj (day) 23 23 23 23 
pi (psia) 1542 1542 1539 1539 
M 0.048 0.048 0.048 0.048 
D 0.047 0.047 0.050 0.047 
S 1.021 1.021 0.96 1.021 
μapp (cP)   16.7 16.7 16.7 16.7 
μapp error (%) -1.8% -1.8% -1.8% -1.8% 
R (m) 40.8 40.8 40.2 39.6 
R error (%) 2.0% 2.0% 0.5% -1.0% 
re (m) 982.2 982.2 825.6 725.1 
re error (%) -1.8% -1.8% -17.4% -27.5% 
 
Effect of Polymer Concentration 
 
The effect of polymer concentration on transient pressure behavior was investigated for injection of polymers into a water 
reservoir with a constant pressure boundary of 1000 m. This is done by maintaining a stable 300 m
3
/d injection rate for 23 days 
with 0.25, 0.75, and 1.25 kg/m
3
 of polymer concentration. The pressure response was calculated for a single-layer reservoir 
model. 
 
As seen in Figure 9, the flowing bottom-hole pressure increases with time and polymer concentration. The log-log plot for the 
three different polymer concentrations is shown in Figure 10. Unlike the case of Newtonian fluid, a significant increase in the 
pressure response indicates a change in transmissibility (kh/𝜇) and a behavior of composite reservoir system. It shows that the 
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polymer front radius and apparent polymer viscosity determined by applying pressure transient analysis does not depend on 
polymer concentration as shown in Table 7 which summarizes all the analyzed data. The radial composite scheme can predict 
well for apparent viscosity and polymer front radius.  
 
 
Figure 9: Pressure response as a function of polymer 
concentration 
Table 7: Effect of polymer concentration 
Polymer Concentration (kg/m
3
) 0.25 0.75 1.25 
tinj (days) 23 23 23 
μapp (cP) 5 17 38 
pi (psia) 1543 1542 1545 
M 0.160 0.048 0.022 
D 0.170 0.047 0.021 
S 0.941 1.021 1.048 
R (m) 42.5 40.8 40.6 
re (m) 985 982 973 
R error (%) 5.9% 2.0% 1.5% 
μapp (cP) 5 16.7 36.5 
μapp error (%) 0.0% -1.8% -3.95% 
 
 
 
 
Figure 10: Log-log plot of simulated bottom-hole pressure fall-
off test as a function of polymer concentration 
 
Effect of Permeability Reduction 
 
The study performed by W. Gogarty (1967) showed a permeability reduction in a core test during polymer flooding. The 
permeability reduction results from the effect of small pore blocked by flowing large polymer molecules. As a result, polymer 
flooding efficiency reduces as decreasing in permeability. In reservoir simulation, this effect is treated through the term of 
residual resistance factor (RRF), an indication of the permanence of the permeability reduction effect. It expresses as the 
mobility of brine solution before and after contact with polymer.  
 
The effect of permeability reduction is studied by injecting the polymer fluid for 23 days with RRF of 1, 1.5 and 2 in the 
reservoir with external boundary of 2000 m. 1 RRF means no decreases in mobility of a polymer solution in comparison with 
the flow of brine or water. It shows in Figure 11 that the injection pressure increases as RRF increases due to the nature of 
mobility-reducing interaction between polymer solution and a porous media system. This effect causes injectivity problems 
that induce an increasing in injection pressure or a decreasing in polymer injection rate.  
 
In practice, the permeability reduction (RRF) can be determined in the laboratory and permeability can be calculated. As seen 
in the analyzed data Table 8, the apparent viscosity and polymer front is calculated by pressure transient analysis in case 
polymer solution is interacted with the a porous media. Polymer front radius determination and mobility ratio resulting in 
viscosity value closely match the reservoir simulation input. Generally, mobility ratio and diffusivity ratio for permeability 
reduction case is determined by dividing both values of no interaction case with residual resistance factor.  
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Figure 11: Effect of permeability reduction 
Table 8: Permeability reduction effect of composite system 
for simulated fall-off tests 
RRF 1.0 1.5 2.0 
tinj (days) 23 23 23 
μapp (cP) 17 17 17 
pi (psia) 1544 1539 1543 
M 0.047 0.032 0.024 
D 0.048 0.032 0.025 
S 0.979 1.00 0.960 
R (m) 41.2 38.7 38.4 
R error (%) 3.0% -3.25% -4.0% 
re (m) 2001 1909 1930 
k (md) 550 367 275 
μapp (cP) 17 16.7 16.7 
μapp error (%) 0.0% -1.8% -1.8% 
 
Interpretation of polymer solution injection fall-off tests with shear-thinning effect 
 
Theoretically, polymer behaves as a non-Newtonian fluid which apparent viscosity depends on the shear rate. The relationship 
between apparent viscosity and shear rate is shown in Figure 12. It shows that in the laboratory, the measured viscosity of this 
polymer solution follows the power law model.  
 
The parameters K and n in power law correlation can be determined by plotting the share rate and viscosity on the logarithmic 
scales. The slope and intercept are an indicative of exponent n and K. It appears n is equal to 0.71 and K is equal to 32.25 cP.s
-
0.29
. This indicates the polymer solution is shear-thinning fluid.  
 
Then, this shear rate is converted to Darcy velocity and polymer viscosity as shown in Figure 13. Three relationship are 
parallel because they are applied the same power low parameters K and n with different polymer concentration. This process is 
used to be able to simulate shear-thinning behavior, since the reservoir simulation program used (ECLIPSE 100) requires 
polymer viscosity versus flow velocity as input data. 
 
Figure 12: Lab measurement of polymer solution of FP 3630  
Figure 13: the Correlation between Polymer Solution Viscosity 
and Darcy velocity Used in Reservoir Simulation
Polymer solutions with a concentration of 0.5, 0.75 and 1.0 kg/m
3
 were injected. The injection rate is constant at 300 m
3
/d for 
51 days corresponding to the volumetric polymer front radius of 60 m. The external boundary of 2000 m is selected to clearly 
observe the second radial flow stabilization.  
 
Figure 14 shows the polymer viscosity in the reservoir with shear-thinning fluids. Near the wellbore region fluid flows with 
high velocity; therefore, viscosity is low due to shear-thinning behavior and the apparent viscosity is then increasing due to 
low velocity experienced deep in the reservoir. At the front radius, the viscosity should equal the water viscosity at 0.8 cP; 
however, because of the numerical dispersion no sharp front contact can be seen. Figure 15 shows the comparison between 
polymer with and without shear-thinning behavior at 0.75 kg/m
3
 polymer concentration. Flowing bottom-hole pressure for 
shear-thinning behavior is less than that for without shear-thinning behavior because of its less viscosity as a result of shear-
thinning effect.  
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Figure 14: Apparent viscosity as a function of well distance 
and polymer concentration 
 
Figure 15: Bottom-hole reservoir pressure with and without 
shear-thinning effect at 0.75 kg/m
3
 polymer concentration 
The flowing bottom-hole pressure response was also studied as a function of the polymer concentration. Figure 16 shows the 
reservoir pressure as a function of polymer concentration with shear-thinning behavior. Similar to the case without shear-
thinning effect, the pressure response increases as polymer concentration increases.  
 
As polymer-containing fluid propagates to the reservoir, fall-off tests were simulated. The simulated pressure responses were 
then interpreted using a pressure transient analysis program. Figure 17 compares the log-log plot with different polymer 
concentration. Unlike the Newtonian fluids in previous section, the second stabilization is not smooth owing to changing 
mobility. However, pressure transient analysis gives the polymer front and external boundary closed to the input in reservoir 
simulation at 60 m and 2000 m respectively. However, if the mobility ratio is high or less contrast in viscosity between inner 
and outer zone, the location of the polymer front cannot be determined precisely using pressure transient analysis.  
 
The apparent polymer viscosity in the reservoir simulation is calculated by averaging the values in the reservoir grid from the 
well to the polymer front. This viscosity is then compared to the calculated viscosity from mobility ratio in well test analysis. 
 
The analyzed data is summarized in the Table 9. The results show that mobility ratio obtained from pressure transient analysis 
gives the apparent polymer viscosity prior to well shut-in or during injection period. One might expect that in fall-off period, 
the viscosity should increase owing to the decrease in velocity. However, as observed in the reservoir simulation the viscosity 
distribution remains equal to that at the instant of shut-in as shown in Figure 18. This is analogue to what happens in lean gas-
condensate reservoir below the saturation pressure (Novosad 1996), (Wheaton 2000) and (Jones 1987).  
 
 
 
 
Figure 16: Pressure response with shear thinning effect as a 
function of polymer concentration 
  
Figure 17: Log-log plot of simulated bottom-hole pressure 
fall-off test with Shear thinning fluids as a function of polymer 
concentration 
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Table 9: Effect of polymer concentration in shear-thinning 
behavior 
Polymer Concentration (kg/m
3
) 0.50 0.75 1.00 
tinj (days) 51 51 51 
μapp (cP) 3.71 6.62 9.55 
pi (psia) 1542 1543 1547 
M 0.209 0.115 0.081 
D 0.226 0.118 0.079 
S 0.925 0.975 1.025 
μapp calculated (cP) 3.84 6.98 9.91 
μapp error (%) 3.6% 5.4% 3.6% 
R (m) 66.5 64.5 61.6 
R error (%) 10.8% 7.5% 2.7% 
re (m) 1947 1950 1980 
re error (%) -2.7% -2.5% -1.0% 
 
Figure 18: Polymer viscosity with shear thinning behavior at 
instant shut-in for 0.75 kg/m
3
 polymer concentration
 
Summary and Conclusions 
 
The objective of this study was to determine the apparent polymer viscosity and polymer front radius by applying pressure 
transient analysis techniques to the flow of Newtonian and non-Newtonian fluids in porous media. The non-Newtonian fluids 
of interest are pseudoplastic (shear-thinning). The applicability of polymer injection fall-off tests was investigated. 
  
First, it is important to perform water injection fall-off tests before performing polymer injection fall-off tests. A baseline of 
water injection fall-off test gives information about reservoir permeability and near wellbore damage. These two parameters 
are used to reduce the uncertainty in pressure transient analysis in polymer injection tests. 
 
Second, without shear-thinning fluid both polymer front radius and the mobility ratio are determined by pressure transient 
analysis techniques and then the apparent polymer viscosity can be calculated. Also, when a second semi-log straight line 
develops, its straight line length decreases with the increasing flowing time, polymer concentration and heterogeneity.   
 
Third, it is practical to conduct multiple polymer injection fall-off tests for observing two clear stabilizations because the 
interpretation of pressure transient analysis has influenced by the duration of the injection time and the external boundary. For 
example, relatively small volume of polymer injection the first stabilization cannot develop, but massive volume the second 
stabilization cannot be observed. Also, in case of heterogeneous reservoir, pressure transient analysis finds the external 
boundary earlier than expected because the highest permeability zone sends the fastest response to the boundary.  
  
Forth, in shear-thinning fluid pressure transient analysis gives a good estimate of the polymer fluid front; however, the errors 
increase if the difference in viscosity is small. Moreover, the mobility ratio predicts the apparent polymer viscosity during the 
polymer injection period rather than that during fall-off period.   
 
Nomenclature 
pi = initial reservoir pressure, psia 
𝑝𝑤𝐷 = dimensionless wellbore pressure drop 
Δ𝑝𝑤𝐷  = wellbore pressure drop, psi 
Swi  = initial water saturation  
rw = well radius, m 
h  = thickness, m 
R = polymer front radius, m 
re = external boundary, m 
μapp = apparent polymer viscosity, cP 
μw = water viscosity, cP 
keff = effective permeability, md 
Φi  = inner zone porosity 
Φo = outer zone porosity 
qinj = injection rate, m
3
/d 
tinj = injection time, d 
B = formation volume factor 
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Vs = sweep volume, m
3
 
ct = total compressibility, psi
-1
 
C  = wellbore storage, bbl/psi
-1
 
𝑅𝐷 = dimensionless discontinuity radius 
𝑡𝐷𝑋 = dimensionless intersection time  
tx = intersection time, hr 
te = deviation time, hr 
tDe = dimensionless deviation time 
M = mobility ratio 
D = diffusivity ratio 
S = storativity ratio 
K  = consistency index, cP.s
n-1
 
n  = power law exponent  
γ  = Shear rate, s-1 
u = superficial flow rate, m/s 
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Appendix A: Milestones in interpretation of polymer solution injection fall-off test study  
 
SPE 
Paper n 
Year Title Authors Contribution 
2157 1969 “Flow Test Analysis for a 
Well with Radial 
Discontinuity” 
Odeh, A. S. Find the relationship of the 
mobility of the two zones and 
the radial distance to the 
discontinuity.  
PETSOC 
70-01-04 
1970 “Approximate Solutions For 
Unsteady Liquid Flow In 
Composite Reservoirs” 
Ramey, H. J. Generate the approximation 
solutions to the usual constant-
rate radial flow problem for 
either no-flow or constant-
pressure outer boundary 
conditions and to determine the 
distance to a discontinuity from 
flow test data. 
8908 1980 “Interpretation of Injection 
Well Pressure Transient Data 
in Thermal Oil Recovery”  
Eggenschwiler, 
M.,and Ramey, 
H.J., Jr., and 
Satman, A.. 
Propose the concept of 
pseudosteady-state or material 
balance calculation to find the 
radius of swept zone 
8982 
 
1980 
 
“Power-Law and 
Hydrodynamic Behaviour of 
Biopolymer Solutions in 
Porous media” 
Teeuw, D. and 
Hesselink, T. F. 
Present the equation to adapt 
Darcy’s law by taking the flow 
of power-law fluids into 
accounts 
17055 
 
1987 
 
“Type- and Decline-Curve 
Analysis with Composite 
Models” 
Olarewaju, J. S. and 
Lee. W. J. 
Present the use of pressure and 
pressure-derivative type curves 
to improve flow-regime 
detection and reservoir property 
estimation with composite 
models. 
 
 
Interpretation of polymer solution injection fall-off tests   B-1 
  
Appendix B: Critical Literature Review 
SPE 2157 
Flow Test Analysis for a Well with Radial Discontinuity 
Authors: Odeh, A. S. 
Contribution to the understanding of Interpretation of polymer solution injection fall-off tests: 
This paper reported correlations to allow the determination of the mobility of the two zones and the radial 
distance to the discontinuity. 
Objective of the paper: 
Provide a numerical solution for the interpretation of flow tests which the pressure behavior of well 
producing from a region bounded by a circular discontinuity. 
Methodology used: 
Simulate 30 drawdowns and 30 buildups of a unit capacity ratio, of varied mobility ratios, and of varied 
the radial distance to the discontinuity. Then, examine the results and obtain the correlations in flow test 
interpretation.  
Conclusion reached: 
Normal buildup and drawdown plots resulted in an early (first) straight line, a long transition zone and a 
late (second) straight line. 
 
PETSOC 70-01-04 
Approximate Solutions For Unsteady Liquid Flow In Composite Reservoirs  
Authors: Ramey, H. J. 
Contribution to the understanding of Interpretation of polymer solution injection fall-off tests: 
This paper generated the approximation solutions to the usual constant-rate radial flow problem for either 
no-flow or constant-pressure outer boundary conditions and to determine the distance to a discontinuity 
from flow test data. 
Objective of the paper: 
Provide a class of approximate solutions for unsteady flow in composite reservoirs.  
Methodology used: 
Derive mathematical equations  
Conclusion reached: 
The particular class of approximate solutions for radial flow problems involving concentric 
discontinuities appears to offer more than an aid to physical understanding. 
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SPE 8908 
Interpretation of Injection Well Pressure Transient Data in Thermal Oil Recovery 
Authors: Eggenschwiler, M.,and Ramey, H.J., Jr., and Satman, A. 
Contribution to the understanding of Interpretation of polymer solution injection fall-off tests: 
 Use the concept of pseudosteady-state or material balance calculation to find the radius of swept zone.  
Objective of the paper: 
Find the distance from injection well to the front for in-situ combustion project. 
Methodology used: 
Apply numerical Laplace inverter to generate dimensionless bottom-hole pressure as functions of 
dimensionless time. 
Conclusion reached: 
 The pore volume of swept zone can be more accurately determined by Cartesian graph between pressure 
vs time. 
Comments:  
Use material balance equation to find the polymer front from reservoir simulation 
 
SPE 8982 
Power-Law and Hydrodynamic Behavior of Biopolymer Solutions in Porous media 
Authors: Teeuw, D. and Hesselink, T. F. 
Contribution to the understanding of Interpretation of polymer solution injection fall-off tests: 
This paper suggests the equation to adapt Darcy’s law by taking the flow of power-law fluids into 
accounts.  
Objective of the paper: 
Compare the flow equation for power-law fluids with the flow experiments in Bentheim sandstone rock. 
Methodology used: 
Derive mathematical equations and do core-flow experiments. 
Conclusion reached: 
1. Derive an equation for laminar flow of shear-thinning fluids in a porous medium by adapting 
Darcy’s law to power-law flow, using Kozeny’s model of parallel-bundled capillaries 
2. Compare the apparent viscosity between core flow and Kozeny’s model by considering the effect 
of pore-size distribution, continuously fluctuating flow rate, and hydrodynamic chromatography.  
Comments:  
Improve an equation for laminar flow of shear-thinning fluids to match the core flow experiments. 
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SPE 17055 
Type- and Decline-Curve Analysis with Composite Models 
Authors: Olarewaju, J. S. and Lee. W. J. 
Contribution to the understanding of Interpretation of polymer solution injection fall-off tests: 
This paper presents the use of pressure and pressure-derivative type curves to improve flow-regime 
detection and reservoir property estimation with composite models.  
Objective of the paper: 
Present a series of type curve generated from the composite reservoir model. 
Methodology used: 
Derive partial differential equation and convert in Laplace transformation with the Stehfest algorithm. 
Conclusion reached: 
State a new technique for pressure transient analysis with composite system parameters.  
Comments:  
This method is applicable to bounded or infinite-acting reservoirs. 
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Appendix C: ECLIPSE Reservoir Modeling 
ECLIPSE is commercial software for black oil reservoir modeling (ECLIPSE Simulation Software 
Manuals 2010.1). Two phase options polymer and water are solved as two component system in this 
study.  
 
3-dimensonal radial geometry grids 
 
Figure C- 1: Radial grid geometry for 1 km external boundary 
 
Figure C- 2: Radial grid geometry for 2 km external boundary 
Polymer viscosity at C = 0.25 kg/m
3
 without shear thinning behavior
 
Figure C- 3: Polymer viscosity at C = 0.25 kg/m
3
 without shear 
thinning at instant shut in 
 
Figure C- 4: Polymer viscosity at C = 0.25 kg/m
3
 without shear 
thinning behavior for ten days after shut in
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Polymer viscosity at C = 0.75 kg/m
3
 without shear thinning behavior
 
Figure C- 5: Polymer viscosity at C = 0.75 kg/m
3
 without shear 
thinning at instant shut in 
 
Figure C- 6: Polymer viscosity at C = 0.75 kg/m
3
 without shear 
thinning behavior for ten days after shut in
 
Polymer viscosity at C = 1.25 kg/m
3
 without shear thinning behavior
 
Figure C- 7: Polymer viscosity at C = 1.25 kg/m
3
 without shear 
thinning at instant shut in 
 
 
Figure C- 8: Polymer viscosity at C = 1.25 kg/m
3
 without shear 
thinning behavior for ten days after shut in 
 
Polymer viscosity at C = 0.75 kg/m
3
 with shear thinning behavior
 
Figure C- 9: Polymer viscosity at C = 0.75 kg/m
3 
with shear 
thinning behavior for two days before shut in 
 
Figure C- 10: Polymer viscosity at C = 0.75 kg/m
3 
with shear 
thinning behavior for one day before shut in 
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Figure C- 11: Polymer viscosity at C = 0.75 kg/m
3
 with shear 
thinning behavior at instant shut-in 
 
Figure C- 12: Polymer viscosity at C = 0.75 kg/m
3 
with shear 
thinning behavior for one day after shut in
 
Figure C- 13: Polymer viscosity at C = 0.75 kg/m
3 
with shear 
thinning behavior for two days after shut in 
 
Figure C- 14: Polymer viscosity at C = 0.75 kg/m
3 
with shear 
thinning behavior for ten days after shut in 
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Appendix D: Saphire program 
Saphire is a commercial software for pressure transient analysis (Dynamic Flow Analysis – v4.10.01 - © 
KAPPA 1988 -2009).   
The log-log, semi-log, and simulated history plots are provided. All the models used are homogeneous, 
vertical and radial composite model with no wellbore storage and skin.  
 
Effect of injection time 
 
Figure D- 1: Log-log, semi-log and history plot for 6 days polymer injection and R = 20 m 
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Figure D- 2: Log-log, semi-log and history plot for 23 days polymer injection and R = 40 m 
 
 
Figure D- 3: Log-log, semi-log and history plot for 51 days polymer injection and R = 60 m 
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Figure D- 4: Log-log, semi-log and history plot for 90 days polymer injection and R = 80 m 
 
Effect of heterogeneity 
 
Figure D- 5: Log-log, semi-log and history plot for 23 days polymer injection in the five layers of constant 550 md permeability 
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Figure D- 6: Log-log, semi-log and history plot for 23 days polymer injection in the five layers of 330, 440, 550, 660 and 770 md 
permeability 
 
Figure D- 7: Log-log, semi-log and history plot for 23 days polymer injection in the five layers of 100, 400, 550, 600 and 1000 md 
permeability 
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Effect of permeability reduction 
 
Figure D- 8: Log-log, semi-log and history plot for 23 days polymer injection for RRF = 1.0 
 
 
Figure D- 9: Log-log, semi-log and history plot for 23 days polymer injection for RRF = 1.5 
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Figure D- 10: Log-log, semi-log and history plot for 23 days polymer injection for RRF = 2.0 
Effect of polymer concentration 
 
 
Figure D- 11: Log-log, semi-log and history plot for 51 days polymer injection with C = 0.25 kg/m
3
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Figure D- 12: Log-log, semi-log and history plot for 51 days polymer injection with C = 0.75 kg/m
3 
 
 
Figure D- 13: Log-log, semi-log and history plot for 51 days polymer injection with C = 1.25 kg/m
3
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Effect of shear-thinning fluids 
 
 
Figure D- 14: Log-log, semi-log and history plot for 51 days shear-thinning polymer injection with C = 0.5 kg/m
3
 
 
Figure D- 15: Log-log, semi-log and history plot for 51 days shear-thinning polymer injection with C = 0.75 kg/m
3
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Figure D- 16: Log-log, semi-log and history plot for 51 days shear-thinning polymer injection with C = 1.0 kg/m
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Appendix E: Rheology of Polymer Solutions 
In the laboratory, the measured viscosity of this polymer solution follows the power law model.  
By plotting the share rate and viscosity on the logarithmic scales, the parameters K and n in power law 
correlation can be determined. The slope and intercept are an indicative of exponent n and K.  
 
The value of n is equal to one minus slope and k is equal 10 to the value of the intercept of the log-log 
plot as shown in Figure E- 1. It appears n is equal to 0.71 and K is equal to 32.25 cP.s
-0.29
.  
𝜇𝑎𝑝𝑝 = 𝐾γ
n−1 
 
Figure E- 1: Log-log plot of polymer shear rate and viscosity 
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